Chemical-Mechanical Polishing (CMP) is one of the fastest growing market segments in the semiconductor equipment industry. One of the critical consumable in CMP is a specialized solution, or slurry, which contains both free abrasives and chemicals acting together to planarize a wafer. These chemically active slurries account for approximately one fifth of the total cost of polishing a wafer. Because of the cost and potential toxicity, there are both financial and environmental pressures to reduce the amount of slurry consumed during the CMP process. To accomplish this in a systematic manner we have developed a technique for quantifying slurry flow patterns during CMP which involves using fluorescent dyes to measure slurry mixing, temperature gradients and slurry aging during the polishing. An aqueous fluorescent solution with matching viscosity is used to model the slurry, a glass window models the wafer and a commercially available polisher provides the polishing pad/table rotating work surface. This talk will focus on the diagnostic technique used to measure the slurry behavior as well as some semi-quantitative results on both the amount and uniformity of slurry entrained beneath the wafer as a function of pad topography, injection location and pad rotation rates.
INTRODUCTION
To date, the underlying mechanism of chemical mechanical planarization is not a well understood phenomenon. There have been attempts to numerically model particular aspects of CMP [1] such as the fluid flow or the mechanical stresses but a complete numerical model does not exist. Also many of the experimental techniques rely on endpoint detection or empirical results [2] [3] [4] . This leads to the question of how well optimized is the process and what can be done to improve polishing efficiency and reduce surface defects. One approach to answering these questions is to devise a method of studying the basic CMP mechanisms in order to understand and, with this knowledge, manipulate the process. Towards this goal, we have developed an optical technique using Dual Emission Laser Induced Fluorescence [5] to quantify the slurry flow fields in the inter wafer-pad region. Using this technique we can visualize flow structures, measure temperature gradients, differentiate and measure the mixing between old and newly introduced slurry and measure introduction rates of new slurry underneath the wafer. The goals of this research are to increase introduction rates and slurry uniformity beneath the wafer while reducing both the temperature gradients beneath the wafer and the amount of slurry consumed during planarization.
EXPERIMENT Figure 1 shows a schematic of the current experimental set up. A table top Struers RotoPol-31 polisher which has been modified for variable rotation speeds (30-300 RPM) is used to rotate an 12" polishing pad. Pad speeds are monitored using a tachometer. The standard RotoPol head has been replaced with a 20" industrial rated drill press also modified for variable rotation rates (3-4200 RPM). The drill press both rotates and applies a downforce to a 3" circular glass window used to simulate a silicon substrate. A small DC pump delivers flow rates of 0 to 2000 ml per minute of "slurry". The "slurry" can actually be a commercially available polishing slurry tagged with fluorescent tracers or an aqueous fluorescent solution with matching viscosity. A laser cone from a fiber optic cable is used to excite the fluorescent "slurry" beneath the wafer.
The resulting fluorescence is filtered and then captured using an 8 bit CCD camera. We are currently using the fluorescence for flow visualization purposes only however the single 8 bit camera will soon be replaced with two 12 bit spatially aligned cameras which will enable us to quantify the parameters of interest.
The experimental set up shown in figure 1 allows us to change many parameters which may influence the slurry flow field and temperature gradients. Some of the parameters of interest include downforce on the wafer, slurry introduction sites, wafer position on the pad, slurry flow rates, pad topography and head and pad rotation rates. 
METHODOLOGY
In this paper the full technique of dual emission is not presented as we are optimizing the optical technique using flow visualization. Flow structures were examined on the Rodel IC1000 pad. Due to the IC1000's inherent fluorescence under Argon Ion radiation we were unable to obtain flow visualization results without first dyeing the pad surface with India Black dye to eliminate IC1000 fluorescence. For a simple comparison of the surface characteristics between an untreated pad and a dyed pad we compared wetting angles. An unconditioned IC1000 pad with no dye on the surface has a wetting angle of approximately 88 degrees where as the unconditioned dyed surface had a wetting angle of approximately 75 degrees. This demonstrates a rough equivalence between the hydrophilicity of the dyed and undyed surface. We are currently testing the polishing performance of the dyed pad for a better comparison between the two surfaces.
During a typical run an injection system pumps an aqueous solution onto the rotating polishing pad where the pad advects it to the wafer. The flow rate (50 ml/min) was determined by scaling the flow rate of an 23" industrial CMP set up by the surface area of our 12" table top polisher. A stepper motor and syringe is used to pulse fluorescent solution into the main injection line (at a 40% volumetric loading) to simulate newly introduced slurry and its dispersion is captured using a CCD camera. Figure 2 shows the configuration used during the experimental runs. The wafer was always located at 12 o'clock with its center located at 60% of the pad's radial distance or 3.625" from the pad's center. The injection always occurred at 6 o'clock with a varying distance to the pad center where the distance is expressed as a percentage of the pad's radius. We examined the effects of pad rotation rate (50-100 rpm), injection position (16% to 58% or 1 to 3.5 inches from the pad's center) and pad conditioning. Pad conditioning was varied by changing the grit value of the sandpaper used. To softly condition the pad, 150 grit sandpaper was depressed against the pad surface with 2 psi of down force while the pad was rotating at 75 rpm with a constant flow rate of 50 ml/minute. Hard conditioning consisted of depressing 40 grit sandpaper onto the pad surface under identical parameters of pad rotation and flow rate as the soft conditioning case. In each case the pad was dyed after conditioning and allowed to dry before being used. 
RESULTS
Some general trends in the flow visualization are shown in figures 3 through 5. Figure 3 shows typical flow patterns soon after a fluorescent pulse for injection positions of 16% of the pad's radius and 58% of the pad's radius. "Slurry" injected at 16% of the pad's radial distance from the pad's center always produced the same general flow pattern regardless of platen speed or conditioning. Note that the slurry reaches the wafer via arm like structures that extend in the radial direction from the pad center. After several of these arms strike the wafer, the entire wafer area fluoresces (not shown). These structures are different from the circular ring of fluorescence that occurs when the injection position is increased to 38% and beyond. In the left image of figure 3 , the "slurry" is being introduced as a circular ring. Note injecting at 58% of the pad's radius results in a slurry starved region of the wafer or a section of the wafer that does not "see" any fluorescence at all. This region is denoted as slurry starved because it never fluoresces through out the run regardless of platen speed or conditioning. In order to obtain semi-quantitative results from the flow visualization images, we chose to study mean fluorescence intensity and the non-uniformity (or median intensity divided by the mean intensity). These measures correspond to the amount of new slurry introduced beneath the wafer and the uniformity of the "slurry" beneath the wafer respectively. Before describing how these measures were obtained, it is necessary to define a time scale of the process which would take into account the time it takes for the slurry to be entrained beneath the wafer under different run conditions. The introduction period, or the time interval between when the slurry first hit the wafer until the time when half the wafer is fluorescing at a threshold value of 50 intensity units was chosen as the scaling time. The mean intensity was then measured by averaging the fluorescence intensity over twice the introduction period starting from the end of the first introduction period. The non-uniformity was measured by forming a ratio of the median to the mean intensities. Figure 6 shows the effects of injection position (measured as a percent of the pad's radius from the pad center) on the mean fluorescence intensity as a function of conditioning. Each curve, corresponding to a fixed amount of conditioning, shows a maxima in the vicinity of 33% followed by a dramatic decrease in intensity for injection positions beyond 40% of the pad's radius. As the conditioning increases so does the fluorescence intensity. This can be explained in terms of the pad topography. Deeper trenches and grooves in the pad surface resulting from conditioning increases the pad's fluorescent solution holding capacity. Therefore the more conditioning the greater the amount of fluorescent solution that is carried beneath the wafer by the pad. Figure 7 shows the effects of platen speed on the fluorescent intensity for an unconditioned pad is insignificant for injection positions between 33% and 50%. The plot symbols for the 50 RPM case are actually error bars showing the uncertainty (10%) in the mean intensity. At injection positions of 16% and 50% the platen speed has a slight effect on the fluorescence intensity. The same general trend is observed for soft and unconditioned pads. Besides the amount of new slurry being entrained, another equally important parameter is the uniformity of the slurry layer beneath the pad. Figure 8 shows a measure of the nonuniformity of the "slurry" film beneath the wafer as a function of injection position. The uncertainty in the non-uniformity is estimated at 7.5% (shown as the plot symbols for the hard conditioned case). Figure 8 shows that the conditioning does not have a statistically significant effect on the time averaged non-uniformity. The same trend occurs for non-uniformity versus injection position as a function of platen speed. Overall, conditioning had the greatest effect on the fluorescence intensity or amount of new "slurry" entrained beneath the wafer followed by injection position. Platen speed possibly had a minor effect on the fluorescence intensity at both low and high platen speeds but no effect at intermediate platen speeds.
Injection position had the greatest effect on the uniformity of the new "slurry" being introduced beneath the wafer. Injection positions less than 33% of the pad's radial distance provided the greatest uniformity as measured by the fluorescence non-uniformity. Injection positions greater than 40% caused an almost linear increase in non-uniformity versus injection position. Conditioning effects had a minor effect on the non-uniformity with the hard conditioned pad consistently showing a greater non-uniformity. The soft and unconditioned pads were identical to within the uncertainty of the measurement.
CONCLUSIONS
This paper presents an optical technique to study the flow behavior on polishing pads during chemical mechanical polishing. We have created an equipment platform for the CMP process which closely simulates an industry standard CMP set up and obtained flow visualization using this platform. Two responses, mean fluorescence intensity and non-uniformity in the fluorescence intensity were examined on a dyed IC1000 pad as a function of conditioning, platen speed and injection position. Initial results suggest that conditioning had the greatest effect on the amount of new "slurry" entrained beneath the wafer followed by the injection position. Platen speed had a minor effect at low and high platen speeds but no effect at intermediate platen speeds. Uniformity was influenced the most by the injection position. Both platen speeds and conditioning had a minor statistically significant effect. Hard conditioning had a consistently higher nonuniformity than soft and unconditioned pads and high platen speeds had a consistently higher nonuniformity than low to intermediate platen speeds. The difference between the soft and unconditioned cases (for a constant platen speed) was statistically insignificant as was the difference between the low and intermediate platen speeds (for a fixed amount of conditioning).
These results have to be used in conjunction with polishing data to determine if the conditions for optimizing slurry entrainment can be implemented during an actual polishing run with out sacrificing polishing quality or efficiency. With such an optimization we can minimize the amount of slurry used and maximize its efficiency. In this way, our research will have an impact on the environment by reducing potentially toxic slurry waste and by increasing wafer yield rates.
In the future we will be working towards changing from flow visualization as a methodology to DELIF (dual emission laser induced fluorescence) in order to make more quantitative measurements of the important flow parameters. Flow parameters of interest which can be studied using DELIF include mixing (between old and new slurry), temperature gradients beneath the wafer and measurements of the distance between the wafer and polishing pad.
